Abstract All groundwater is vulnerable to pollution, but the level of susceptibility depends on the spatial peculiarities of a region. Among the numerous vulnerability assessment methodologies, the geographical information system-based DRASTIC model is the most sophisticated and achieves reliable results even in complex areas. Fractured-rock aquifers are not only complex, but they are also potential sources of radioactive and other types of waste and are liable to high recharge rates. Hence, they can serve as a conduit for fluid (and potentially) contaminants. Therefore, in this study, a new parameter, 'fracture media' (F), is fashioned to replace the weakest parameter (i.e. depth to water, D) in the standardized DRASTIC model to create a new model (FRASTIC) for the complex fractured aquifer system. The proposed model was tested on a case study area (Kano, Nigeria), and the FRASTIC minimum and maximum indices obtained were in the range of 63-170. The region was characterized as having very low (covering 0.16% of the total study area), low (55.52%), medium (42.53%), and high (1.79%) vulnerability based on the standardized classification system. In addition, the modified FRASTIC model was further developed using the sensitivity analysis (SA) and recorded the highest vulnerable area coverage (32.86%) within Kano. Thus, the modified FRASTIC model is appropriate for the complex nature of the study area because it contributes appreciably to defining the vulnerable zones. The single-parameter SA was employed to obtain effective weights for two modified models, which were then implemented to improve efficacy. Conventional nitrate validation indicated that there is a strong correlation between nitrate and vulnerability for the modified models. In addition, a new approach for identifying the relationship between the water quality and vulnerability indices was developed by this study and was proven to be an effective validation tool.
Introduction
Concerns about the scarcity and the quality of surface water are contemporary motives for the undue exploration of groundwater in arid and semi-arid regions (Thirumalaivasan et al. 2003; Tesoriero et al. 1998 ) and in developing countries (Zingoni et al. 2005) . However, the immoderate exploration and exploitation of this resource due to increasing population size and industrialization have led to the pollution of vast aquifers (Rao and Mamatha 2004) , so much so that water treatment is required for some regions around the world (Phan et al. 2013) . Water is the root of most illnesses globally (Jones and Watkins 1985) , and its quality is a criterion for regional socioeconomic growth (Baba and Tayfur 2011; Voudouris et al. 2010) . Due to the enormous importance of the groundwater resource, the issue of its pollution has attracted an extraordinary amount of attention from researchers (Shirazi et al. 2012; Adams and Foster 1992) . Moreover, the issue of water quality is prioritized in the management of groundwater (Manap et al. 2013; Pradhan 2009 ). Therefore, methods have been developed in order to gain an understanding of pollution-prone areas and to assess what is popularly known as 'groundwater pollution vulnerability' (Babiker et al. 2005 ).
All groundwater is susceptible to pollution (Al Hallaq and Elaish 2012; Shukia et al. 1998) . However, the level of vulnerability varies depending on the spatial peculiarities of the area (Baalousha 2006; Vrba and Zaporozec 1994) . Groundwater pollution is imperceptible, but when its quality is impaired, its effect is persistent, treatment is complicated, and the remediation method is costly. Hence, prevention and early mitigation are crucial for the effective management of this resource (Huan et al. 2012 ). There are numerous methods for vulnerability assessment, and they are continually being updated based on the comprehensive evaluation and re-evaluation of existing methodologies (Huan et al. 2012 ). The DRASTIC model is the most widely used for the assessment of groundwater pollution vulnerability. It consists of seven parameters whose initials form the model's acronym, namely, depth to water, recharge, aquifer media, soil media, topography, impact of vadose zone, and conductivity (hydraulic), respectively. The protection of groundwater from pollution is a common global concern, and decisions on how to safeguard the resource are guided to a large extent by DRASTIC analysis (Babiker et al. 2005; Fritch et al. 2000; Huan et al. 2012) . The global embracement of the DRASTIC model has made it the most popular method of evaluating the intrinsic pollution vulnerability of groundwater to date (Al-Adamat et al. 2003; Bedessem et al. 2005; Evans and Myers 1990; Kim and Hamm 1999; Leone et al. 2009; Rahman 2008; Hamza et al. 2007; Thirumalaivasan et al. 2003) . Due to the inherent flexibility of the model, reliable results can be obtained even in areas with complex geohydrology (McLay et al. 2001 ) and the model can be transformed to suit the peculiarities of the vast aquifers around the world (Nobre et al. 2007) . Hence, the model is constantly undergoing development, as is evident in Thirumalaivasan et al. (2003) , Secunda et al. (1998) , and Huicheng et al. (1999) .
To improve the efficacy of the DRASTIC model, Lodwick et al. (1990) introduced sensitivity analysis (SA) to avert the effect of the biased allocation of DRASTIC ratings and weights (Napolitano and Fabbri 1996; Gogu and Dassargues 2000) . Hence, a single-parameter SA is now commonly employed when applying a DRASTIC model (Rahman 2008; Hallaq and Elaish 2012; Mohammadi et al. 2009; El-Naqa et al. 2006; Hasiniaina et al. 2010; Bazimenyera and Zhonghua 2008; Napolitano and Fabbri 1996; Kabera and Zhaohui 2008; Saidi, et al. 2011; Babiker et al. 2005) . Nevertheless, the vulnerability maps produced using the DRASTIC method still have to be validated and various methodologies exist for that purpose (Zwahlen 2004) . Validation is necessary to avert flawed conclusions (Saidi et al. 2011) . Nitrate is commonly adopted for validation because it is naturally absent in groundwater, and thus, its presence indicates a predisposition to pollution (Shirazi et al. 2012) . The utilization and effectiveness of nitrate validation are evident in the studies by Prasad et al. (2011) , Kura et al. (2015) , Neshat et al. (2014) , and Javadi et al. (2011) .
The extraction of groundwater from wells located near streams can decrease stream flow (commonly referred to as 'alluvial well depletion'), which implies that the rate of conductivity may be higher when a well is located near a river. The conductivity of soils may differ greatly from one place to another. Not only can different soil layers exhibit different levels of hydraulic conductivity, even within a soil layer the hydraulic conductivity can vary (Oosterbaan and Njiland 1994) . However, in order to quantify the level of stream-aquifer interaction successfully, the hydraulic conductivity of the stream bed has to be estimated accurately. This is because one of the bigger scale hydrological interchange between groundwater and surface water is controlled by the distribution and magnitude of hydraulic conductivity (Woessner 2000) .
The water quality index (WQI) was developed in the USA by Horton (1965) and later improved by Brown et al. (1972) . The WQI is a mathematical methodology employed to synthesize an enormous amount of physicochemical water quality data and assign a particular number to the result that then represents the water quality level (Mitra et al. 1998; Š tambuk-Giljanović 1999) . It is applicable to any specific area and can evaluate physical, chemical, and biological water quality parameters to determine whether the water quality is likely to be detrimental to humans based on the transgression of set limits (WHO 2011) . The use of the WQI eliminates subjectivity and bias from general and individual assessments of water quality. Moreover, the WQI provides information in a simple format and is more easily interpretable than a list of numerical values, which makes it a useful communication tool for transmitting information to end users (Sharma and Patel 2010; Š tambuk-Giljanović 1999; Varnosfaderany et al. 2009 ).
Groundwater management in Nigeria, the country of interest to this study, is marred by the absence of proper hydrogeological base maps. In addition, the lack of reliable data and infrastructural facilities as well as the absence of a working legislature also frustrates the practice of hydrogeology. Hence, there is no proper management of the abundant groundwater resources in the country (Akujieze et al. 2003) . To date, very little effort (in terms of data provision and research grants) has been made by either researchers or the government to assess the pollution vulnerability of the country's aquifers (Abdullahi 2009 ). However, groundwater resources in Nigeria are fast being severely affected by a number of anthropogenic factors, among which pollution is foremost (Galadima et al. 2011 ). The pollution is increasing largely perhaps because of the growth in intensive agricultural practices since the early 1960s, which has caused the nitrate concentration in the groundwater to reach an alarming quantity in both deep and shallow groundwater sources (Adelana 2004) . Study recently carried out by Hamza et al. (2017) has hinted that most pollutants present in the groundwater in Kano are likely due to anthropogenic activities on the land surface.
Kano (the case study area) is one of the most populous and industrialized cities in Nigeria. The city has numerous industrial facilities, but none of them has a treatment plant. Consequently, effluents are discharged freely into the environment (Danazumi and Bichi 2010; Akan et al. 2009; Ibrahim and Abdullahi 2008) . In addition, some of the waste dump sites are wrongly sited, so they are now a threat to proximate communities, and particularly to those living near hazardous waste that has been dumped by factories (Egwuonwu et al. 2011; Adamu and Rabi'u Tukur 2013) . Moreover, farmers resort to indiscriminate use of some of this waste (e.g. tannery sludge) as a fertilizer substitute. This practice is fast polluting the groundwater resource due to the intensive usage of such contaminants (Tudunwada et al. 2007 ). The monitoring agencies (i.e. Kano State Environmental Protection Agency and the United Nations Industrial Development Organization) have made several attempts to control these pollution problems but have been unsuccessful (Egwuonwu et al. 2011) . Thus, the problem of groundwater contamination is currently a serious concern in Nigeria and has become a topic of continuous research (Adelana 2004 ).
Fractured-rock aquifers
Fractured-rock aquifers are potential sources of radioactive and other types of waste (United States Geological Survey [USGS] 2002). Hence, knowledge of the fractured zones and their connectivity in geologic media are paramount for groundwater resource management as well as remediation and pollution prevention (Hao et al. 2008) . Fractured-rock aquifers are known to be widely spread close to the land surface and are highly predisposed to contamination due to anthropogenic activities. Many industrial areas in the USA are located where fractures are widespread and the activities of industry pose a great danger to fractured-rock aquifers due to spillage (USGS 2014) . The transport and fate of contaminants in fractured-rock aquifer is distinct in terms of the course and extent of contaminant migration as well as the factors controlling the chemical and microbial transformation processes (USGS 2013). Many industrial areas in America are located where fractures are widespread and the activities of the industries are posing a great danger to the fractured-rock aquifers due to spillage (USGS 2014) . When a fracture is successfully delineated, it can be utilized as a parameter in the assessment of groundwater pollution vulnerability (Hamza et al. 2016 (Hamza et al. , 2017 .
The sensitivity of aquifers may differ significantly depending on geologic conditions. For instance, a fractured-rock aquifer is liable to high recharge and faster groundwater migration velocities than a sedimentary aquifer where matrix flow dominates when compared to normal rock because fractures serve as conduits for fluid flow. It has been very difficult to monitor and regulate the spread of the plumes in fractured-rock aquifers compared to those in simple porous media. Thus, the mere removal of dense non-aqueous phase liquids (which are easier to deal with compared to non-aqueous phase liquids) from fractures has proven to be a challenging task (Mackay and Cherry 1989; Mutch Jr et al. 1993) .
Although the weight assigned to each DRASTIC parameter is based on consensus by experts (i.e. Delphi technique), obviously there is peculiarity among regions. Hence, the initial (theoretical) allocation of the weight may not be effective. Yet, the weight assigned to a parameter has a strong effect on the final vulnerability result (Napolitano and Fabbri 1996) . Sensitivity analysis is a concept that provides substantial information vis-à-vis the ratings and weights apportioned to the input parameters. Such an analysis also helps hydrological scientists to make appropriate decisions.
The DRASTIC model has been used for groundwater vulnerability assessment in many parts of the world for a long time. However, despite the effects inflicted by fractures on groundwater pollution, this issue has not been prioritized in the model. To date, no research has employed the fracture as a hydrogeological parameter in the DRAS-TIC methodology. Yet, the incorporation of fractures in a vulnerability assessment is necessary because they can facilitate preferential flow that can potentially lead to significant contamination; fractured media exhibits a high recharge rate, and when polluted, the management of the groundwater resource is very challenging.
Therefore, in this study, a new parameter, the fracture media (F), was fashioned to replace the parameter that makes the least contribution (i.e. depth to water, D) in the standardized DRASTIC methodology to determining the vulnerability index. Consequently, a new model (FRASTIC) was created and found to be very effective in defining the vulnerable zones of complex fractured aquifer systems. A single-parameter SA was employed to obtain effective weights which were then implemented to improve efficacy. To validate the proposed model, in addition to conventional nitrate validation methodology, a new validation technique using the WQI in a GIS-based environment was also employed to enhance the model's acceptability.
Materials and methods

Study area
Kano, the study area, is one of the 36 states of Nigeria. It is located in the Sudan Savannah between 10°23 0 40 00 and 12°3 4 0 24 00 north, and between 7°41 0 15 00 and 9°21 0 21 00 east and covers a total area of 20,131 km 2 . Figure 1a shows the location of the study area on Google Earth (in KML). Its climate is seasonally arid. The rainy season is between April and October, with a peak in August, and the mean annual rainfall is about 800 mm. The annual mean temperature ranges from 70 to 80°F (21-27°C), as reported by Bala et al. (2011) , who studied the general characteristics of the boreholes located in different bedrock types in Kano. According Bala et al (2011) , the geology of the basement complex of Kano comprises migmatite of high metamorphism and gneisses that are formed from metamorphism (high grade) and granitization of Birimian sedimentary rocks. These varieties of granite (younger meta-sediments and migmatite gneiss rocks) have been grouped by the Kano Agricultural and Rural Development Authority (KNARDA 1990) under the term 'migmatite gneiss complex'. The upper younger meta-sediment (low grade) was folded along with the migmatite and gneisses during the Pan-African orogeny (McCurry 1989; Hazell et al. 1988) . The groundwater in Kano occurs within the weathered mantle or in the joint and fracture system of the unweathered or partly weathered rocks, as shown in Fig. 1b (MacDonalds and Partners 1986) .
Data for the DRASTIC model
The GIS-based DRASTIC model was employed to delineate the areas in Kano that are vulnerable to groundwater pollution. The results were obtained by applying the seven DRASTIC parameters (Table 1) . A rating and weight were assigned to each parameter in accordance with the area characteristics based on Aller et al. (1985) as shown in Table 1 . A rating ranging from 1 to 10 was assigned to each parameter based on its pollution potential (i.e. the higher the rating, the greater the pollution potential). A weight ranging from 1 to 5 was initially assigned to each parameter depending on its level of contribution to pollution based on the Delphi technique (Aller et al. 1985) . Table 2 shows the data sources used to generate the hydrogeological parameters for the DRASTIC and the proposed FRASTIC models.
As the modelling was based on a GIS, a shuttle radar topography mission (SRTM) digital elevation model (DEM) with 90-m resolution was obtained from the United States Geological Survey (USGS). All the maps produced in this study are at a scale 1:1,250,000. The resulting thematic maps for all seven parameters were then subjected to an overlay analysis based on Eq. (1), whereby an index value was obtained signifying the level of vulnerability per each cell: Metamorphic/igneous (2-5) 3
Weathered metamorphic/igneous (3-5) 4
Thin-bedded sand/limestone shale sequences (5-9) 6
Massive sandstone (4-9) 6
Massive limestone (4-9) 8
Sand and gravel (4-9) 9
Basalt (2-10) 10
Karst limestone (9-10) Limestone (2-7) 6
Sandstone (4-8) 6
Bedded Limestone, sandstone, shale (4-8) 6 Sand and gravel with significant silt and clay (4-8) 6
Metamorphic/igneous (2-8) 4
Sand and gravel (6-9) 8
Basalt (2-10) 9
Karst limestone (8-10) 10
Environ Earth Sci (2017) 
where W is the weight, R is the rating, and j represent the seven DRASTIC parameters. The general procedure used is depicted in Fig. 2 .
Depth to water (D)
Depth to water (D) refers to the groundwater level where all the pore spaces are completely saturated. It may be permanent or seasonal, and it dictates the downward travel time of the contaminants as it interacts with the unsaturated layer before reaching the aquifer (Aller et al. 1985; Bruce and Oelsner 2001) . For the purpose of the DRASTIC model, depth to water (D) denotes the depth to water surface in an unconfined aquifer being the level that is not affected by seasonal variations (Aller et al. 1985) . According to the British Geological Survey (2011), the estimated depth to groundwater in Africa is greater in the north (up to greater than 250 metres below ground level) than in the south (British Geological Survey 2011). Research to identify the predominant form of groundwater contamination from surface sources globally has revealed that shallow groundwater is more liable to be affected by contaminants within a few decades or less (Bruce and Oelsner 2001) . For this study, log data on 1000 boreholes spread over the entire study area (Fig. 1) were obtained from KNARDA and used to map the depth to groundwater level.
Recharge (R)
Recharge (R) is defined as the volume of water that reaches the saturated zone per unit time. It is the water made available at the surface coupled with the associated flow away from the water table (Freeze and Cherry 1979) . Accurate estimation of groundwater recharge is crucial for proper management of groundwater resources (Healy and Cook 2002; Freeze and Cherry 1979; Hamza et al. 2007 ). Diverse approaches exist for estimating recharge. However, in this research, Williams and Kissel's equation was adopted for the evaluation of the annual recharge, which was governed by Eq. (2) (Jha and Sebastian 2005; Al Hallaq and Elaish 2012; Hamza et al. 2007) ; (a) is applied for hydrological soil, gravel and sand, and (b) for sandy loam and loamy sand:
where PI is the percolation index, and P is the annual average rainfall (in inches). The precipitation data spanning 37 years that were used for this study were collected from nine different meteorological stations spread over the entire study area, as shown in Fig. 3a . The interpolated rainfall pattern is provided in Fig. 3b . The following steps were executed to determine the recharge: (1) appropriate soil types were delineated from the soil maps (Fig. 6d) for implementation in either Eqs. (2a) or (2b) using a 'Raster Calculator' tool (sandy soils were extracted from other soil types); (2) the delineated soil maps were then multiplied by the rainfall map (Fig. 3b ) to obtain the rainfall rate for the individual soils, which is the P value for the soil types; (3) the PI values for the soil types were obtained by substituting the P values in Eqs. (2a) and (2b) accordingly and evaluated using map algebra; (4) the two maps (for sandy and other soils) were then merged to obtain a recharge rate map which showed that the recharge rates ranged between 1.99 and 30.64 mm/ year; and (5) the recharge rates were then reclassified in accordance with standard DRASTIC ratings, as shown in Fig. 6b .
Aquifer media (A)
Aquifer media (A) signifies the potential attenuation characteristics of the aquifer material. Vulnerability is affected by the characteristics of the aquifer medium because the contaminant concentration is somewhat controlled by the capability of the aquifer to dilute them (Bekesi and McConchie 2002) . The ability to attenuate the contaminants is low in a highly permeable medium and vice versa (Yin et al. 2013; Shekhar et al. 2015) . The data used by this study to obtain this parameter were based on information about the hydrogeological characteristics in KNARDA (1990).
Soil media (S)
Soil media (S) is the topmost soil cover and the weathered portion of the ground. This medium dictates the movement of the contaminants from the surface; the higher the holding capacity, the longer the travel time. The data used in this study were deduced from log data in KNARDA (1990) .
Topography (T)
Topography (T) denotes the gradient or slope characterizing a particular area. More run-off occurs when the angle Fig. 2 Diagram of the methodology adopted in the study 197 of inclination is steeper and less otherwise. For this study, the slope was deduced from the SRTM DEM at 90-m resolution obtained from the USGS with spatial reference GCS_WGS_1984 ( Table 3) .
Impact of vadose zone (I)
Impact of vadose zone (I) is the unsaturated and or semisaturated soil medium between the topmost soil and the water table. It dictates the attenuation characteristics of the materials beneath the immediate top soil and above the water table (Aller et al. 1985) . In addition, it also defines the time taken by the contaminants to enter the underlying aquifer (Liu et al. 2011; Aller et al. 1985) . The influence of the vadose zone on pollution attenuation and aquifer protection is high (Fritch et al. 2000) . After a careful and thorough study of the soil type constituting the vadose zone in accordance with the log data (Fig. 4) , a characterization was performed based on the standard DRASTIC methodology.
Hydraulic conductivity (C)
Hydraulic conductivity (C) of the soil strata determines the ability of an aquifer to transmit contaminants (which is based on flow rate) (Aller et al. 1985) . The data used in this study were based on the pumping test data (drawdown, yield, and static water level) and the total well depth data for each borehole provided by KNARDA. The conductivity was evaluated spatially using Eq. (3):
where K is the hydraulic conductivity, T is the transmissivity, and b is the saturated thickness. The hydraulic conductivity of the area was found to range from 0 to 41 m/day. A stream-aquifer analysis (SAA) test was performed to validate the calculated conductivity rates within the study area. Also, to determine the spread and positions of streams within the study area, the DEM was used to delineate the watershed. Consequently, a raster defining the accumulated flow into each cell was also generated using a 'Flow Accumulation' tool. The highest flow accumulation within the cells was snapped using the pour point, as shown in Fig. 5 .
FRASTIC model
To develop the proposed FRASTIC model, the fractured media (F) parameter was obtained by delineating the fractured zones within the study area based on the study by Hamza et al. (2016) . Several steps were performed to obtain the fracture delineation and amalgamation (with the fracture depth) as follows: (1) data on 1000 boreholes in Kano obtained from KNARDA (1990) were entered into Microsoft Excel. Then, the coordinates were transformed from degree/minute/second format into decimal degrees (3) The depth at which the each fracture was encountered (which was also provided in the data) was also determined. (4) A score of 1 was assigned to borehole with a fracture and 0 otherwise as the Z value. (5) Using Arc Map 10.1 GIS software, the scores (i.e. 0 and 1) were then interpolated using the inverse distance weighted (IDW) interpolation technique. (6) The layers produced were then reclassified to obtain the delineated fracture map (Fig. 5a ). Note that another interpolation technique (i.e. natural neighbour interpolation) was also used, and a similar map was produced. (7) Similarly, the fracture depths were also interpolated to obtain an interpolated fracture depth map for the entire area. (8) Finally, the unrated fractured media (i.e. unclassified based on standardized DRASTIC ratings) was obtained (Fig. 5b) by multiplying the delineated fracture map with that of the interpolated fracture depth map [Eq. (4)] using the 'Raster Calculator' spatial analysis tool.
Delineated fracture map Â interpolated fracture depth map ¼ unrated fractured media ð4Þ Table 4 shows the rating and weight for the fractured media (F). It should be noted that the standardized DRASTIC ratings (i.e. 1-10) and weight (i.e. 5) based on the depth to water (D) given by Aller et al. (1985) were strictly adhered to when obtaining the depth to fracture. However, a slight adjustment was made in the range because an area with no fracture is assigned the lowest Table 3 DRASTIC rating and weight utilized in this study according to Aller et al. (1985) DRASTIC ( rating (i.e. 1), according to the DRASTIC ratings provided in Table 1 . The adaptation of the assigned rating (i.e. assigning a rating of 1 to the no-fracture zones) was based on the fact that the groundwater is generally susceptible to pollution (Shukia et al. 1998; Al Hallaq and Elaish 2012) irrespective of the presence or absence of a fracture. However, fractured aquifers are more vulnerable according to USGS (2013) . In addition, the rating was assigned in relation to the depth of the faulted or fractured zones such that the deeper the fracture location, the lower the rating assigned (Table 4) . Finally, in step (9) the unrated fractured media (Fig. 5b) was then reclassified according to the rating and weight of the fractured media (see Table 4 ). The resulting rated map denotes the fractured media (F), as shown in Fig. 6h .
Sensitivity analysis
The SA, introduced by Lodwick et al. (1990) , provides substantial information in relation to the ratings and weights allotted to the input parameters and their consequential output effects in a model. It is meant to assist hydrological scientists in taking appropriate decisions (Napolitano and Fabbri 1996; Gogu and Dassargues 2000) . It is more effective in assessing a resulting vulnerability map when applied to a database that is compatible with a GIS (Rahman 2008) . 
Single-parameter sensitivity analysis
In a single-parameter SA, the effect of an individual DRASTIC and FRASTIC parameter on all the pixels forming the study area can be expressed using Eq. (5):
where W is the effective weight of each parameter, P r is the rating of each parameter, P w is the theoretical weight of each parameter, and V is the vulnerability index.
Results and discussion
The spatial interpolation carried out in this study indicated that the minimum and maximum depths to water (D) were in the range of 29.02-73.14 m, respectively, with a mean depth of 43.25 m. However, when the standard DRASTIC classification was adopted, it was established that 94.13% of the study area had the lowest rating (i.e. 1), whereas 5.65 and 0.22% had a rating of 2 and 3, respectively (Fig. 6a) . The depth was in agreement with that reported by the British Geological Survey (2011) because the location of the study area is within 25-50 metres below ground level. Furthermore, it can be concluded that as far as D is concerned in the standard DRASTIC methodology, the entire study area is less vulnerable (i.e. the entire area is greater than 30.48 m). From rainfall data, the mean annual rainfall was found to be within the range of 629-1508 mm. When the recharge rate was evaluated using spatial analysis based on Eqs. (2a) and (2b), the recharge (R) values were found to be between 1.99 and 30.64 mm/year. Furthermore, the recharge rate was reclassified in accordance with standard DRASTIC ratings. The ratings thus obtained were 3, 6, 8, and 9, covering 12.11, 61.77, 16.43, and 9 .68% of the study area, respectively. The high recharge areas, which constituted more than half of the entire case study area, were predominantly in the south and western parts (Fig. 6b) . From the recharge map obtained, it was found that higher rates are noticeable in areas that have high rainfall and in areas where the top soil (soil media) is liable to high permeability. The components that made up the aquifer media (A) were found to exhibit four different characteristics. When reclassified into standardized DRASTIC ratings, the characteristics were rated as 3, 4, 6, and 8 (Fig. 6c) , occupying 5.59, 73.32, 17.42, and 3.67% of the entire study area, respectively. Hence, the study area can be said to be characterized largely by weathered metamorphic/igneous medium.
As for the soil media (S), the area is characterized by seven different soil types. When categorized according to Aller et al. (1985) , the soil types were rated as 1, 2, 3, 5, 6, 8, and 9 (Fig. 6d) , covering 3. 09, 5.83, 20.24, 35.17, 19 .48, 11.44, and 4.75% of the study area, respectively. The area that consists of the medium (material) most predisposed to pollution is in the extreme north-east of the study area.
As for the topography (T), when subjected to standardized DRASTIC classification, the obtained ratings were 1, 3, 5, 9, and 10, for 6. 30, 0.40, 6.16, 62.83, and 24 .31% of the study area, respectively. The study area is relatively flat because only 6.3% of the entire area was in a range greater than 18% of the highest slope (Fig. 6e) .
The vadose zone (I) within the study area was found to be characterized by four distinct materials. When classified by DRASTIC, these materials were rated as 1, 3, 4, and 6, 72, 39.39, 47.79, and 10 .09% of the entire study area, respectively. However, it was established that the pollution-prone area is mainly in the north-east and southeast parts of the study area (Fig. 6f) . When the hydraulic conductivity (C) values were interpolated, the minimum and maximum values obtained were 0-41 m/day, respectively; when classified based on standardized DRASTIC, they were found to be within the ratings 1, 2, 4 and 6, covering 91.08, 8.51, 0.39, and 0.03% of the area under study, respectively. Hence, basically, the entire case study area was found to have a conductivity of between 0.05 and 41 m/day (Fig. 6g) . From Fig. 7 , it is apparent that there is possibility of 'alluvial depletion' because the evaluated conductivity map indicated that the wells located near streams exhibited a higher conductivity rate. The stream-aquifer test apart from validating the data quality, it also supports the theoretical assertion that decreased stream flow (alluvial well depletion) is likely to be higher when a well is located near a stream or river. The finding also appears to confirm that the groundwater flow pattern is not only controlled by the structure of the water table, but also by the distribution of hydraulic conductivity in the rocks.
DRASTIC index
To obtain the DRASTIC index, the seven thematic parameter maps shown in Fig. 6a-g were subjected to an overlay analysis based on Eq. (1). From the result obtained, the minimum, maximum, and mean indices were found to be 48, 141, and 84, respectively (Fig. 8a) . It should be noted that the greater the index, the higher the pollution susceptibility.
Sensitivity analysis result
As mentioned earlier, single-parameter SA was adopted in this research to avert bias. The result of a generic DRAS-TIC single-parameter SA is shown in Table 5 . According to the SA result, the contribution of R was greater than that of the other parameters,
Based on the result of the SA, the parameters that gained additional weight (in order of magnitude) were R (6.84), T (2.07), S (2.70), and A (3.42) and those that lost weight were D (1.32), C (1.79), and I (4.86). Thus, a modified DRASTIC index map was obtained based on the effective weight. As a result, an increase in the indices was recorded because the minimum and maximum indices were adjusted to 64 and 180, respectively (Fig. 8b) .
FRASTIC index
From the result obtained based on the standardized rating of the generic DRASTIC model, the depth to water (D) was found to have the least effect because more than 94% of the study area was given the lowest rating (i.e. 1). Moreover, because the depth at which the fractures are located is shallower than that of the depth to water, and because 'depth' is the common characterizing factor for both the fractured media (F) and depth to water (D) parameters, (D) was replaced by (F) (Fig. 6h) . It should be noted that when assigning the rating and the weight, DRASTIC standards were strictly observed because the model (DRASTIC) was founded on the Delphi technique.
Thus, the FRASTIC index was obtained by replacing the depth to water (D) with the fractured media (F). The ratings of all the other six (RASTIC) parameters were retained. Then, when subjected to the same DRASTIC formulation (i.e. Eq. (1)), changes in the indices were realized (Fig. 8c) ; the minimum, maximum, and mean indices became 48, 150, and 89.35, respectively. Sensitivity analysis was also carried to ascertain the level of contribution made by each parameter based on the FRASTIC model using Eq. (4). The result is shown in Table 6 .
From Table 6 Fractured media and soil media both occupy the fourth rank in the obtained weight (effective) as F (2.59), R (6.24), A (3.28), S (2.59), T (2.0), I (4.64), and C (1.64). However, when the effective weights were employed in Eq. (1) to obtain the modified FRASTIC index, a slight variation was recorded, i.e. the minimum, maximum, and the mean indices were found to be 63.50, 170, and 110.53, respectively (Fig. 8d) .
When all the obtained vulnerability index maps were compared (Fig. 9) , the result indicated that 30.08-38.32% of the study area has medium vulnerability based on all the models (i.e. DRASTIC, modified DRASTIC, FRASTIC, and modified FRASTIC). All the models found that 31.55-38.43% of the area has low vulnerability and 30.13-32.86% has high vulnerability. The modified FRASTIC model recorded the highest overall vulnerability with 32.86% of the study area denoted as highly vulnerable. Furthermore, to achieve standardization in the vulnerability classification, a range suggested a researcher was utilized. According to this proposed classification, the study area was found to be characterized by 'very low', 'low', 'medium', and 'high' vulnerability, covering 0.16, 55.52, 42.53 , and 1.79%, of the total study area, respectively. The FRASTIC index map produced on the basis of this suggested standardized classification is shown in Fig. 10 .
An analysis of the results obtained by various studies that have used the GIS-based DRASTIC model for vulnerability assessment around the world, and as for in this 
Conventional nitrate validation
A good correlation was found to exist between the nitrate map ( Fig. 11 ) and the vulnerability index maps (i.e. DRASTIC and FRASTIC). The Pearson's correlation coefficient (r) was 0.70 ( Fig. 12a) and 0.69 for the modified DRASTIC and modified FRASTIC indices, respectively, at P=0.05 (Table 7) . A weak correlation (0.38) was found between the nitrate and the WQI maps as is evident in Table 7 . However, when an analysis was carried out on the maps produced, it was found that the level of contaminant concentration is proportional to the level of anthropogenic activity to which an area is exposed; hence, the more the activity, the greater the pollution. Thus, an area may be classified as having low vulnerability, but if it is more exposed to anthropogenic activity, the pollution level may be higher. However, that does not in any way suggest high vulnerability. Nevertheless, it can be concluded that because the level of pollution is subjective (due to the peculiarity of anthropogenic activities within the study area) and then the obtained level of correlation between the nitrate and all the DRASTIC and FRASTIC maps is strong.
The WQI was obtained using groundwater quality data (obtained from April 2013 to March 2014) from 33 boreholes spread over the entire study area. The parameters used in the analysis were pH, total dissolved solids, magnesium, alkalinity, calcium, hardness, chloride, and nitrate. The interpolation of all the water quality parameters was achieved using the ordinary Kriging (OK) interpolation technique in the ArcGIS 10.1 environment. The WQI was evaluated by using Eq. (6):
where Q n is the quality rating or sub-index for the nth parameter, and W n is the unit weight of the nth parameter. The resulting WQI map is shown in Fig. 11 . Good correlation coefficients were obtained by each of the four models and the WQI because the ranges are from 0.49 to 0.64 (Fig. 12b) . The WQI versus pollution vulnerability indices (i.e. DRASTIC and FRASTIC) also exhibited a good correlation. Therefore, validation using WQI appears to be reliable, not least because it is based on a comparison of the model against a known contaminated scenario, but also because the result is more robust than many conventional nitrate validation results in the literature.
Correlation between DRASTIC and FRASTIC
A good correlation was found to exist between the two models (generic and modified DRASTIC and FRASTIC). The lowest and highest Pearson's correlation coefficients were 0.68-0.86, respectively.
Layer to KML
Furthermore, the proposed FRASTIC model was subjected to another test, where the final FRASTIC map was converted from a layer format to KML in order to ascertain the map fitting on the global position. The result shows that the FRASTIC map (in KML) was properly positioned (Fig. 1) . The waste dump sites at various locations within the study area are also shown in Fig. 1 (inset) . It was established that two of the five sites are located within the low vulnerability area, another two are located in the medium vulnerability zone, and one is within the high vulnerability area. Given that three of these locations are in areas of medium to high vulnerability, it is clearly important to conduct this type of check when siting industries, tunnels, stabilization ponds, etc., in order to achieve sustainable groundwater quality management.
Conclusions
According to the groundwater vulnerability result obtained by the proposed FRASTIC model, the study area (Kano, Nigeria) has low to medium vulnerability which may be the reason for low level of nitrate concentration and better groundwater quality despite the poor groundwater management practice. If the standard DRASTIC model is adopted for groundwater vulnerability assessments, the depth to water (D) parameter may not have a significant bearing on the situation in some African countries, particularly North African countries. The replacement of the depth to water with the fracture parameter (i.e. FRASTIC model) resulted in an increase in vulnerability indices. Therefore, this study shows that the FRASTIC model would be an effective tool for those involved in environmental management and planning. Furthermore, apart from the utilization of the fracture parameter as an indicator of pollution vulnerability because of its complexity, the parameter would also be useful in the field of geotechnical engineering considering the enormous negative impact of fractured aquifers that are predisposed to pollution. It is imperative that similar studies are embarked upon in regions that have similar geological features in order to achieve effective groundwater management. The study found that there was generally a strong correlation between the DRASTIC and FRASTIC indices (i.e. generic and modified) irrespective of the degree of modification (i.e. after the SA). When validating pollution vulnerability models, a stronger correlation may be obtained when the entire area under study is predisposed to similar and uniform anthropogenic activity. A weaker correlation is realized between the WQI and the vulnerability indices maps when diverse water quality parameters are utilized. However, the WQI was shown to be a good and reliable justification technique that was effective in this context, and is thus worthy of adoption in future studies.
